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Immune responses against colonization factors (CFs) and the nontoxic B component of the enterotoxigenic
Escherichia coli (ETEC) heat-labile toxin (LTB) are considered to be important for immunity against diarrhea
caused by ETEC. Individual live attenuated ETEC derivatives that have had their toxin genes removed and
whose aroC, ompC, and ompF genes are deleted have shown promise as vaccines against ETEC. The develop-
ment of such strains has culminated in the testing of a three-strain-combination live attenuated vaccine known
as ACE527, comprised of strains ACAM2025 expressing colonization factor antigen I (CFA/I) and LTB;
ACAM2022, expressing CS5, CS6, and LTB; and ACAM2027, expressing CS1, CS2, CS3, and LTB. The
recombinant CF and LTB genes expressed in the three strains were inserted into the bacterial chromosome to
ensure their stable inheritance and expression without the requirement for any selection. ACE527 has been
tested in a randomized placebo-controlled, double-blind, phase I safety and immunogenicity study in healthy
adult volunteers and proved to be well tolerated and immunogenic at dose levels of 1010 and 1011 total CFU.
There was no indication of strain interference on the basis of fecal shedding patterns, with all three being
detected in the feces of 50% and 83% of low- and high-dose vaccine recipients, respectively. Similarly, strong
immune responses to LTB and to CFs expressed on all three constituent strains were induced, with at least 50%
of subjects in the high-dose group responding to LTB, CFA/I, CS3, and CS6.

In regions of the world where sanitation and clean water
supplies are inadequate, diarrheal diseases are the second
highest cause of mortality in children under the age of 5 years,
after pneumonia. Recently published estimates of the number
of deaths due to diarrhea worldwide in children under age 5
years are 1.3 million (95% confidence interval [CI], 0.8 million
to 2.0 million) (4) and 1.9 million (95% CI, 1.6 million to 2.2
million) (5), with 237,000 (4) to 535,000 (5) deaths occurring in
India alone. Additional health burdens on both individuals and
their families due to the effect of multiple diarrheal episodes
early in life, which cause impairment of physical, intellectual,
and economic development, are increasingly being recognized
(11, 23, 27).

Enterotoxigenic Escherichia coli (ETEC) is estimated to
cause 10% to 20% of diarrheal cases in developing countries
(2), every year accounting for 280 million to 400 million cases
in children under age 5 years and an additional 100 million and
400 million cases in children over age 5 years and adults,
respectively (3). These infections are estimated to cause be-

tween 300,000 and 500,000 deaths annually, mostly in children.
ETEC also remains a major cause of diarrhea in travelers to
such areas, including military personnel, resulting in an esti-
mated 10 million cases annually (38, 46, 47).

For general information about ETEC, the reader is referred
to two excellent reviews (24, 31). ETEC expresses fimbriae
called colonization factor antigens (CFAs), which enable the
organism to adhere to the small intestine mucosa, where it
secretes toxins, causing the symptoms of diarrhea. The genes
coding for these virulence factors are usually on plasmids.
CFA/I, CFA/II, and CFA/IV are among the most prevalent
CFAs expressed by ETEC (49). CFA/II consists of three dif-
ferent fimbriae, called coli surface antigens (CSs), CS1, CS2,
and CS3. However, natural CFA/II ETEC strains express only
CS3 alone or express CS3 with CS1 or CS2. Likewise, CFA/IV
consists of CS4, CS5, and CS6, with CS6 being expressed alone
or with either CS4 or CS5. Many studies suggest that immune
responses against colonization factors may protect against
ETEC infection (13, 16, 35, 39, 48). In some cases, the titer of
CFA-specific serum antibody has been shown to predict a
reduced risk or severity of ETEC illness (21, 32).

ETEC also expresses one or more toxins, including heat-
stable toxin (ST), heat-labile toxin (LT), and enteroaggregative
Escherichia coli heat-stable toxin 1 (EAST1) (22, 36). ST and
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EAST1 are short polypeptides and are poor antigen candi-
dates. LT is similar to cholera toxin (CT), consisting of a
pentamer of B subunits (LTB), which acts as a carrier for a
single, toxic subunit, subunit A (33). Like cholera toxin, LTB
without the A subunit is nontoxic but is immunogenic and
therefore is another good candidate for inclusion in a vaccine
against ETEC. A recent phase II field study in travelers to
Central America demonstrated significant protection against
diarrheal disease in subjects vaccinated with LT delivered via a
skin patch before travel (12) This approach was further tested
in a phase III trial, in which 60% protection was observed
against LT-only ETEC strains; however, protection against all
ETEC strains or any cause of diarrhea was not observed (15).
Earlier studies with the cholera vaccine Dukoral also indicate
that anti-CT immunity can provide at least some degree of
protection against ETEC in the field due to the immunological
cross-reactivity with LT (7, 25, 37).

Alternative vaccine strategies against ETEC have been thor-
oughly reviewed (45). One promising approach is the develop-
ment of oral live attenuated vaccines. However, in order for a
live vaccine to be effective, an immune response to a variety of
ETEC strains is likely to be necessary. A vaccine containing
CFA/I, CFA/II, and CFA/IV plus LTB may provide protection
against up to 90% of ETEC strains in most areas (31, 49). To
address this unmet need, a vaccine designated ACE527 that
contains three live attenuated ETEC vaccine strains collec-
tively expressing CFA/I, CS1, CS2, CS3, CS5, CS6, and LTB is
being developed. This report describes the safety and immu-
nogenicity results from the first-in-human dose-escalation trial
of ACE527.

MATERIALS AND METHODS

Primary and secondary objectives. There were two primary objectives of this
dose-escalation study. The safety objective was to evaluate the tolerability of
ascending doses of ACE527 versus placebo when administered orally at 0 and 21
days. The immunogenicity objective was to evaluate the induction of systemic
and mucosal immunity by assessing anti-CFA/I-, anti-CS3-, anti-CS6-, and anti-
LTB-specific responses postvaccination. The frequency of mucosal IgA re-
sponses to the CFA/I, CS3, and CS6 antigens (�4-fold rise in �50% of the
subjects) was used as the criterion for determining whether the ACE527 vaccine
would advance to a phase IIB immunization and challenge study after the
completion of the phase I study. The secondary objective of the study was to
evaluate the excretion profiles of the three individual strains comprising ACE527
in stools of the subjects to assess potential strain interference as well as to
confirm that excretion is self-limiting.

Production of vaccine. The ETEC strains and associated plasmids used to
produce the vaccine are described briefly in Table 1 and in more detail elsewhere
(41, 42). The original ETEC clinical isolates, from which the attenuated vaccine

strains were derived, were collected as part of a large epidemiological study of
diarrhea in children residing in Abu Homos, Egypt (26), and were kindly pro-
vided by the United States Naval Medical Research Unit 3 (NAMRU3), Cairo,
Egypt. All the strains were attenuated by the same strategy to generate strains
ACAM2025, ACAM2022, and ACAM2027, which together comprise the vac-
cine. Briefly, all genes encoding known or putative enterotoxins (ST, LT, or
EAST1) were removed; all antibiotic resistance determinants were removed; and
three deletion mutations were introduced into the chromosomes to remove
genes aroC, ompC, and ompF. These mutations were previously shown to yield
attenuated ETEC strains which were well tolerated and immunogenic at high
doses of up to 2 � 1010 CFU in healthy adult subjects (10, 19, 43).

Each of the three vaccine strains was grown under conditions of good manu-
facturing practice (GMP) in large shake flask cultures in media guaranteed to be
free from all animal components. Cells were harvested, washed, and resuspended
in phosphate-buffered saline (PBS) containing 20% glycerol and then frozen at
�80°C for long-term storage. These vials constituted both the GMP master cell
banks (MCBs) for future development of the vaccine and the direct source of
cells for dosing.

ACE527 was administered orally as a liquid formulation. Individual vaccine
doses were prepared by pooling and mixing appropriate volumes from a number
of vials of each of the MCBs and then combining appropriate volumes from each
strain to form a single 10-ml suspension. This suspension contained approxi-
mately 3 � 109 CFU and 3 � 1010 CFU of each of the three strains for cohorts
1 and 2, respectively; thus, the doses are referred to as 1010 CFU and 1011 CFU
total dose, respectively. Following administration of each dose to a group of
subjects, the actual viable dose of each strain given was determined by serial
dilution and plating of an aliquot of the suspension for quality control purposes
and confirmation that it was consistent with the intended level. Placebo prepa-
rations consisted of 10 ml of PBS alone. At no more than 2 h before the time of
dosing, each dose of ACE527 or placebo was mixed with 190 ml of the commer-
cial vaccine buffer solution CeraVacx (Cera Products, Columbia, MD). Subjects
were required to fast for 90 min before and after vaccination and were observed
closely for 60 min postvaccination for safety and to ensure no regurgitation of
study product. The first dose was administered to each cohort on the morning of
the second day of a 4-day inpatient period, and the second dose was administered
on an outpatient basis 21 days later.

Study design. ACE527 protocol 101 was a single-center, randomized, double-
blind, placebo-controlled trial to evaluate increasing dosages of ACE527 in
healthy adults. After a comprehensive screening evaluation, two sequential co-
horts of 18 subjects were enrolled to receive either placebo or ACE527 at
approximate dosages of 1010 or 1011 CFU total for cohort 1 and cohort 2,
respectively. Within cohorts, subjects were randomized to receive vaccine or
placebo in a 2:1 ratio, such that 12 subjects received vaccine and 6 received
placebo. Subjects received two doses of ACE527 or placebo at 3-week intervals
between doses, were actively monitored for up to 28 days after the second dose,
and then were followed up with a telephone call to check for any serious
emergent medical conditions after 3 months. The clinical protocol was per-
formed under BB-IND 13,982, was approved by the appropriate institutional
review boards of the Johns Hopkins Bloomberg School of Public Health and
PATH, and was conducted in accordance with principles of good clinical prac-
tice.

Healthy adults between 18 and 50 years of age with body mass indices (BMIs)
of between 19.0 and 34.0 kg/m2 were eligible. Breast-feeding women or women
who were or planned to become pregnant during the study period were excluded.
Other exclusion criteria included immunoglobulin A deficiency; alcohol or drug

TABLE 1. Bacterial strains

Strain name Phenotype and genotypea Reference

WS-2773E O141:H5 CS5 CS6 LT ST EAST1 (clinical isolate) NMRCb

ACAM2022 O141:H5 CS5 CS6 �astA �eltAB �estA �ompF::Ptac-LTB �aroC �phage 25, 42
WS-3504D O39:H12 CS2 CS3 LT ST EAST1 Apr (clinical isolate) NMRC
ACAM2007 O39:H12 CS2 CS3 �astA �eltAB �estA �ompC �ompF �aroC 5, 25, 42
ACAM2017 O39:H12 CS2 CS3 �astA �eltAB �estA �ompC::CS1 �ompF �aroC 5, 25, 42
ACAM2027 O39:H12 CS2 CS3 �astA �eltAB �estA �ompC::CS1 �ompF::Ptac-LTB �aroC 42
WS-1858B O71:H� CFA/I ST EAST1 Apr Tpr (clinical isolate) NMRC
ACAM2010 O71:H� CFA/I �astA �estA �aroC �ompC �ompF 24, 25
ACAM2025 O71:H� CFA/I �astA �estA �aroC �ompC �ompF::pLLTB 42

a Antibiotic resistance: Apr, ampicillin; Tpr, trimethoprim.
b NMRC, provided by S. Savarino, Naval Medical Research Center, Silver Spring, MD.
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dependence within the preceding 3 years; vaccination or receipt of an investiga-
tional product in the preceding month; employment as a food handler, child care
provider, or health care worker; having household contacts who were immuno-
compromised, �2 years old, or �80 years old; abnormal hematology/serum
chemistry; positive screen for HIV or hepatitis virus B/C; having abnormal stool
patterns (less than 3 per week or more than 3 per day); history of diarrhea in the
7 days prior to vaccination; regular use of laxatives or antacids; history of
vaccination against or ingestion of ETEC, cholera toxin, or LT within 3 years;
symptoms consistent with traveler’s diarrhea concurrent with travel to countries
where ETEC is endemic within 2 years; and known allergy to quinolones, tri-
methoprim-sulfamethoxazole, or penicillins. Each participant signed an in-
formed-consent form and was required to score �70% on a study comprehen-
sion assessment prior to undergoing study-specific procedures.

Safety evaluation. The primary safety endpoints were adverse events (AEs) in
the 7 days following each dose evaluated via focused medical interviews, stan-
dardized vaccination report cards (VRCs), laboratory tests, and physical exam-
inations. Of particular interest were AEs expected to be associated with the
ingestion of attenuated ETEC strains, including loose stools, diarrhea, intestinal
hyperactivity, nausea, vomiting, abdominal pain or cramping, defecation urgency,
or constipation. Other systemic AEs, including fever, headache, malaise, chills,
anorexia, light-headedness, and myalgia, were also collected. Diarrhea during the
period postvaccination was defined as three or more loose or liquid stools within
24 h; other unformed bowel movements were recorded as loose stools. Secondary
safety endpoints included the duration and maximum quantitative level of shed-
ding of each of the three vaccine strains.

Clinical monitoring. The first immunization for all subjects was administered
in an inpatient unit. Vital signs were obtained at 60 min pre- and postvaccination
and 3 times daily during the 4-day inpatient stay. On study days 0 through 3, a
daily medical interview and physical exam were conducted by the principal
investigator (PI). To capture anticipated and unanticipated AEs postdischarge,
subjects completed VRCs on study days 4 to 7. The second immunization was
given in an outpatient clinic on study day 21, and vital signs were measured at 60
min pre- and postvaccination. Participants completed VRCs on study days 21 to
28 after the second vaccination. Laboratory parameters for hematology and
clinical chemistries were monitored at designated time points throughout the
study. The following parameters were monitored: basophils (%), eosinophils
(%), hematocrit, hemoglobin, lymphocytes (%), monocytes (%), neutrophils
(%), platelet count, red blood cells (RBCs), white blood cells (WBCs), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phospha-
tase, bilirubin, creatinine, gamma-glutamyl transpeptidase (GGT), potassium,
sodium, and blood urea nitrogen (BUN). Abnormal laboratory values were
evaluated for clinical significance by the PI and graded as AEs using U.S. Food
and Drug Administration toxicity table guidelines. Before escalating to the
higher dose level, safety data through study day 7 of the lower-dose cohort had
to be reviewed and approved by an independent safety committee (ISC), com-
prised of 3 independent members unaffiliated with the sponsor or the clinical site.
Similarly, before subjects within a cohort could receive their second dose, safety
data through study day 7 were reviewed and approved by the ISC.

Stool microbiology. Stool samples were collected at days 3, 7, 10, 14, 21, 28, 31,
35, and 49 after the first vaccination for evaluation of vaccine shedding. ACE527
colonies were identified by spreading samples on MacConkey agar plates (typical
lactose-positive pink appearance) and replica picking up to 50 colonies and
placing them onto M9 minimal medium agar plates with and without supple-
mentation of aromatic compounds (19); the aroC auxotrophic mutation prevents
growth on M9 alone. Pools of aromatic-dependent colonies were then made and
screened in a multiplex PCR to identify the presence or absence of the three
individual vaccine strains (primers used are listed in Table 2). On days 3 and 23,

initial serial dilutions were made and plates were inoculated to allow quantitative
estimates of the shedding level of individual strains, expressed as numbers of
CFU per gram of stool, with individual colonies identified by dot blots with
specific antisera which had been raised in rabbits by hyperimmunization with
heat-killed whole bacterial cells.

Immunogenicity evaluation. This first-in-human study was designed to evalu-
ate initial safety and immunogenicity; however, it was not specifically powered to
draw conclusions about the level or frequency of responses. Systemic and mu-
cosal antibody responses to LTB, CFA/I, CS3, and CS6 were evaluated to
monitor the immunogenicity overall and the immunogenicity of the three indi-
vidual strains. Serum IgG and IgA responses were measured on days 0, 21, 31,
and 49 and were analyzed by the level of response (geometric mean titers) as well
as the frequency with which subjects seroconverted, as measured by a 2.5-fold or
more increase over the preimmunization levels.

Mucosal immune responses were evaluated using the antibody from lympho-
cyte supernatant (ALS) assay (6), which measures the specific IgA secreted by
peripheral blood mononuclear cells (PBMCs) circulating to the mucosal induc-
tive sites, peaking at 7 to 10 days following oral immunization. PBMCs were
isolated on the day of and at 7 and 10 days following each immunization. When
preparing the ALS specimens, 107 PBMCs/ml were incubated in RPMI medium
(Lonza, Walkersville, MD) with 10% fetal bovine serum (SAFC Biosciences,
Lenexa, KS) in a 5% CO2 incubator at 37°C for 72 h with no stimulation. The
supernatant was harvested, and aliquots were kept at �80°C until the enzyme-
linked immunosorbent assay (ELISA) was carried out. ALS responses were
considered positive if, at any time point after vaccination, they reached 4-fold or
more over baseline at day 0.

ELISAs of serum or ALSs were performed according to standard protocols
using peroxidase-labeled antihuman isotype-specific detecting antibodies (KPL,
Baltimore, MD). CFA/I, CS3, and CS6 antigens were supplied by E. Oak at the
Walter Reed Army Institute for Research (WRAIR), and LTB was purchased
from Sigma-Aldrich (St. Louis, MO).

Statistical analyses. Clinical and safety data were captured using electronic
case report forms (CRFs). The intention-to-treat (ITT) analysis set com-
prised all subjects who received at least one administration of ACE527 or
placebo. The per protocol (PP) analysis set comprised all subjects who re-
ceived both administrations of ACE527 or placebo. Immune responses were
compared by dosage level. The threshold for definition of a positive serolog-
ical response was derived by investigating the apparent level of responses in
the placebo recipients. The fold increases in serum IgG responses to CFA/I
and LTB over baseline (day 0) at each of days 21, 31, and 49 were analyzed
by log transform of individual data points and calculation of their means and
standard deviations (SD). A significant positive response was then defined as
a response more than 3 SDs above the mean. For CFA/I and LTB, this
corresponded to 2.35-fold and 1.76-fold increases, respectively. Accordingly,
to give a further level of confidence, the threshold was set at 2.5-fold; by this
criterion, no positive responses to any antigen were then seen in any placebo
recipients at any time point.

RESULTS

Subject disposition and demographics. Fifty-five healthy
adult volunteers were screened for eligibility, with 36 enrolled,
as illustrated in Fig. 1. Ten subjects failed to meet the screen-
ing criteria. Eight failed either to meet the inclusion criterion
requiring general good health or to show full comprehension
of the informed-consent material. Five met one or more of the
following exclusion criteria: significant medical condition, ab-
normal hematology or clinical chemistry values, BMI out of
range, or allergy to antibiotics. In addition, one subject had an
abnormal electrocardiogram, and another was screened after
enrollment closed. Nine subjects who passed all screening cri-
teria were selected as alternates and received no study treat-
ments. The age range of the subjects enrolled was from 18 to
50 years; the mean age was 34.5 years. The majority of the
subjects (26 of 36; 72.2%) were black or African American.
There were 27 males who participated in the study (75%). The
demographics, by study group, are shown in Table 3. A total of
36 subjects received the first dose of vaccine or placebo per

TABLE 2. Oligonucleotides used for PCR identification
of vaccine strains

Name Nucleotide sequence (5� 3 3�) Target locus

4738 GGAAAGAGAGTATATCTATGTA
ACGC

CS5 (ACAM2022)

4739 CGGTCGAGTAATAAGCTGTACT
CTGC

CS5 (ACAM2022)

4729 AAAGAATAGATTAGTCGTAGCG cfaA (ACAM2025)
4730 TTCTTCACGAACTAATTGAGTG cfaA (ACAM2025)
4712 GTAACTGCTAGCGTTGATCC CS2 (ACAM2027)
4713 CCTTGATAGTACCAGCTAC CS2 (ACAM2027)
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protocol, 35 subjects completed the study through study day 80,
and 34 subjects completed the study through the final fol-
low-up call on study day 98. One subject (in the high-dose
ACE527 group) was lost to follow-up, having received a single
dose of vaccine and provided samples for analysis at days 7 and
10; an additional subject was lost to follow-up after day 80,
having received two doses of placebo.

Safety results. No subject experienced an immediate post-
vaccination reaction, and no serious adverse events occurred.
The frequency of adverse events in the high-dose group was
91.7%, compared to 66.7% each in the low-dose and placebo
groups. Most adverse events were equally distributed across
treatment groups. Of note, however, were the AEs attributable
to gastrointestinal (GI) disorders, which were predominately
(31/38, 81.6%) of mild severity (Table 4). GI AEs were more
common in the high-dose ACE527 group than in either the
low-dose ACE527 group or the placebo group. Of the 12 sub-
jects who reported GI complaints, 8 were in the high-dose

group, 2 were in the low-dose group, and 2 were in the placebo
group. The most frequent treatment-related GI disorder was
flatulence, which was observed more frequently in high-dose
ACE527 recipients. There was no significant difference in the
incidence of diarrhea or nausea between treatment groups,
although there was a suggestion of more loose stools possibly
or probably associated with vaccination in the high-dose
ACE527 subjects than in the other treatment groups combined
(3 of 12 [2 with loose stools and 1 with diarrhea] versus 1 of 24
[loose stools only]; P � 0.10, Fisher’s exact test). There were
no clinically significant or reproducible changes in clinical
safety lab test results in any group or at any time point in the
study. There was one subject in cohort 2 whose AST level was
abnormal on day 0 and through day 49, but this was considered
unlikely to be related to ACE527 by the investigator. There
were no clinically significant or reproducible changes in hema-
tology in any group or at any time point in the study; hemo-
globin, hematocrit, and red blood cells had several low values,

FIG. 1. Subject disposition from screening.
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but these were equally distributed across groups and time
points.

Vaccine shedding results. Colonization by the vaccine was
self-limiting. All subjects were culture negative for ACE527 by
study day 49 (4 weeks after the second vaccination), and no
subject required treatment with antibiotics to terminate shed-
ding of the vaccine. Both the duration and the magnitude of
shedding were higher in the high-dose ACE527 cohort, which
received a 10-fold higher dose than the low-dose ACE527
cohort. Table 5 shows the number of subjects shedding each
vaccine strain or ACE527 (i.e., any of the three strains) by
study day and the mean log shedding level of each strain and
ACE527 in only those subjects who were positive on study days
3 and 23. For the recipients of the higher dose of vaccine, the

median time to negative stool cultures was estimated to be 6 to
7 days following the first dose and 4 to 5 days following the
second. Encouragingly, there was no evidence for interference
between the three strains in the vaccine. In recipients of the
higher dose, 6/12 shed detectable levels of all three strains after
the first dose and 9/11 shed detectable levels of all three strains
after the second dose, and altogether, 10 subjects were ob-
served to shed all three strains on at least one occasion. The
corresponding figures for recipients of the lower dose level
were 4/12 after the first dose and 4/12 after the second dose,
and 6 subjects shed all three strains at least once.

Immunogenicity results. The rates of response in serum and
ALS are shown in Table 6. Clearly, the strongest systemic and
mucosal responses were observed against LTB; 100% of sub-
jects at both dose levels gave a significant rise in ALS titer. The
serum response, however, was dose dependent, with 7 and 10
subjects responding with increased IgA and IgG serum titers,
respectively, following receipt of the high dose but only 5
subjects mounting an IgG response to the low dose and no
subjects mounting IgA responses.

The magnitude of the responses to LTB in the sera of vac-
cinees was impressive and comparable to that seen in subjects
challenged with virulent ETEC strain H10407 (14). Responses
are plotted in Fig. 2. In the high-dose recipients, 7/12 gave a
positive response after the first dose and 3/12 additional sub-
jects seroconverted after the second dose. There was a trend
toward higher titers following the second dose, with maximal
titers reached by day 31. Of the responses to the CFAs ex-
pressed by the vaccine strains, the strongest were to CFA/I and
CS6, with mucosal responses detected in over 80% of subjects
at the higher vaccine dose; 55% of subjects showed a positive
response to CS3. The magnitudes of the ALS responses to
LTB, CFA/I, CS3, and CS6, by group, are shown in Fig. 3.
Among the responders to either dose level, the peak geometric
mean increases in specific IgA ALS titers compared with the
baseline titers to each of the antigens were as follows: LTB,
18-fold (95% CI, 7- to 42-fold); CFA/I, 22-fold (95% CI, 13- to

TABLE 3. Subject demographics, by group

Characteristic ACE527, 1010 CFU
(n � 12)

ACE527, 1011 CFU
(n � 12)

Placebo
(pooled; n � 12) Total (n � 36)

No. (%) of subjects
Sex

Male 7 (58.3) 10 (83.3) 10 (83.3) 27 (75.0)
Female 5 (41.7) 2 (16.7) 2 (16.7) 9 (25.0)

Race
Black or African American 8 (66.7) 11 (91.7) 7 (58.3) 26 (72.2)
White 4 (33.3) 0 (0.0) 3 (25.0) 7 (19.4)
Other 0 (0.0) 1 (8.3) 0 (0.0) 1 (2.8)
Asian 0 (0.0) 0 (0.0) 1 (8.3) 1 (2.8)
American Indian or Alaska Native 0 (0.0) 0 (0.0) 1 (8.3) 1 (2.8)

Ethnicity
Not Hispanic or Latino 12 (100.0) 11 (91.7) 12 (100.0) 35 (97.2)
Hispanic or Latino 0 (0.0) 1 (8.3) 0 (0.0) 1 (2.8)

Age (yr)
Mean (SD) 31.9 (10.63) 34.6 (6.69) 36.9 (11.34) 34.5 (9.71)
Range 19–50 23–46 18–50 18–50

TABLE 4. Subjects with treatment-related adverse events by group

Adverse event

No. (%) of subjectsa

ACE527, 1010

CFU
ACE527, 1011

CFU Placebo

General symptoms
Malaise (felt unwell) 0 (0) 1 (8.3) 0 (0)
Headache 0 (0) 2 (16.7) 2 (16.7)
Chills 0 (0) 0 (0) 1 (8.3)
Anorexia (loss of appetite) 0 (0) 0 (0) 1 (8.3)

Gastrointestinal symptoms
Flatulence 2 (16.7) 8 (66.7) 2 (16.7)
Diarrhea (�3 loose stools

in 24 h)
0 (0) 1 (8.3) 0 (0)

Loose stools not meeting
diarrhea definition

0 (0) 2 (16.7) 1 (8.3)

Nausea 0 (0) 2 (16.7) 1 (8.3)
Abdominal pain 0 (0) 1 (8.3) 1 (8.3)
GI sounds abnormal

(gurgling stomach)
0 (0) 2 (16.7) 0 (0)

Urgency of defecation 0 (0) 0 (0) 1 (8.3)
Gastrointestinal disorder 0 (0) 1 (8.3) 0 (0)

a Each group had 12 subjects.
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38-fold); CS3, 7-fold (95% CI, 5- to 9-fold); and CS6, 13-fold
(95% CI, 7- to 24-fold).

There were no apparent differences between the dose
groups with respect to the frequency and magnitude of ALS
responses to the four individual antigens, although a trend was
observed in the case of CS6, suggesting better responses at the
higher dose. Overall, vaccination with ACE527 induced signif-
icant LTB-, CFA/I-, CS3-, and CS6-specific IgA ALS responses
in 24 of 24 (100%), 17 of 23 (74%), 12 of 23 (52%), and 15 of
24 subjects (63%) subjects, respectively (Table 6). The lower
apparent rate of response to CS3 may be due in part to the
higher baseline titer of antibody to this antigen, as shown in
Fig. 3.

The breadth of the cumulative mucosal response (i.e., the
number of subjects responding in the ALS assay to 0, 1, 2, or
3 of the CFAs after the first and either the first or second
vaccination) is shown in Table 7. The frequency of the ob-
served responses was dose dependent, and the number of pos-
itive responses increased following the second dose at both
dose levels.

DISCUSSION

This report describes the first evaluation in humans of a
trivalent, live attenuated ETEC vaccine. ACE527 was devel-
oped with the express purpose of overcoming the dual hurdles
of inducing immune responses with sufficient magnitude and
breadth while maintaining an acceptable reactogenicity profile
(45). In this initial phase I study, ACE527 was safe and well
tolerated. Ingestion of ACE527 was not associated with any
immediate postvaccination reactions, and serious adverse
events were not encountered. There were no unexpected ad-
verse events, on the basis of prior experience with similarly
attenuated ETEC strains (10, 19, 43). Nonserious adverse
events occurred with similar frequencies across study groups,
except for gastrointestinal symptoms. There was an observed
increase in the frequency of gastrointestinal adverse events in
the ACE527 high-dose group, but nearly all of these events
were mild in severity and all were self-limited. Flatulence was
the most common gastrointestinal symptom in this group, re-
ported by nearly two-thirds of high-dose ACE527 recipients.

This study therefore extends previous observations with pre-
cursor and similarly attenuated ETEC strains and confirms
their safety and tolerability up to doses of 1011 CFU (10, 43).
The most significant AEs which were seen (loose stools and
nausea) were of a similar frequency and intensity seen in sub-
jects administered equivalent doses of whole-cell killed ETEC
vaccines (8, 35).

ACE527 was immunogenic following two immunizations
given 3 weeks apart, inducing strong immune responses to both
toxin and colonization factor antigens at doses of 1010 CFU
and 1011 CFU and with dose-dependent increases in the mag-
nitude of anti-LTB and the frequency of anti-CF responses
being detected. The predominant systemic immune response
was against LTB. A clear dose-response was seen in serum
anti-LTB responses, with 10/12 recipients of the higher dose
developing at least 2.5-fold rises in IgG. Of these responders,
7 seroconverted after the first dose of vaccine and an addi-
tional 3 subjects did so after the second dose. There was no
significant further rise in geometric mean titer in the subjects
who seroconverted after the first dose after they received the
second dose. Mucosal anti-LTB IgA ALS responses were ro-
bust, reflecting the strategic design of the three vaccine strains.
LTB expression in the three constructs is a mixture of cyto-
plasmic and periplasmic; there are no specific signal sequences
provided to attempt to secrete the product or attach it to the
external surface of the cell. Instead, the high level of constitu-
tive expression seen in strains ACAM2022 and ACAM2027 (in
which expression is driven by the Ptac promoter) and the
inducible expression in ACAM2025 (where the native LT pro-
moter is used) are relied upon to deliver a dose of antigen
sufficient to be immunogenic (41, 42). This is clearly a success-
ful approach, as 100% of subjects mounted a positive mucosal
response to LTB at both dose levels of ACE527, in contrast to
the low antibody secreting cells (ASC) response to CT seen
following vaccination with Peru15, the live cholera vaccine
expressing CTB (29). This observation suggests that these
ETEC vaccine strains may have the potential to also serve as
vectors for the expression of additional antigens from other
enteric pathogens. The second dose of vaccine increased both
the magnitude and breadth of the immune responses gener-
ated, supporting the value of a two-dose regimen in travelers;

TABLE 5. Shedding of vaccine strains in cohort 1 (low dose) and cohort 2 (high dose)

Cohort and strain
No. of subjects shedding on daya:

3 7 9 14 21 23 28 30 34 49

Cohort 1
ACAM2022 8 (4.52) 1 1 0 0 7 (4.48) 0 0 0 0
ACAM2025 5 (3.56) 3 1 0 0 5 (4.35) 0 0 0 0
ACAM2027 7 (4.66) 1 1 0 0 8 (5.12) 1 1 1 0
ACE527 8 (4.99) 3 1 0 0 9 (5.18) 1 1 1 0

Cohort 2
ACAM2022 8 (5.42) 2 1 0 0 9 (5.96) 0 0 0 0
ACAM2025 6 (4.71) 2 0 0 1 9 (5.69) 1 0 1 0
ACAM2027 10 (5.38) 3 1 0 1 10 (6.06) 0 1 1 0
ACE527 10 (5.62) 5 1 0 2 10 (6.34) 1 1 1 0

a The number of subjects shedding each strain was determined by PCR, and the number shedding ACE527 is defined as the number shedding at least one of the
constituent strains. For quantitative determinations, the individual strains were identified by dot blots with specific antisera. For cohort 1, 12 subjects were evaluated
on each day. For cohort 2, 12 subjects were evaluated on days 3, 7, and 9 and 11 subjects were evaluated on days 14, 21, 23, 28, 30, 34, and 49. Data in parentheses
represent the mean log10 CFU/g in positive subjects.
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the potential for further increasing the immunogenicity with a
third dose should be explored in future studies in children in
countries where ETEC is endemic and where an ETEC vaccine
is likely to be given according to the routine Expanded Pro-
gram on Immunization (EPI) schedule.

The dose-response observed here is consistent with the
higher responses to a 1010-CFU dose than to a 109-CFU dose
reported previously with similar strains (10). There was no
obvious relationship between the frequency of immune re-
sponses and the number of days on which the vaccine was shed
or the magnitude of that shedding in subjects who received the
same dose level of ACE527. A similar lack of correlation was
seen in phase I studies with a live attenuated cholera vaccine
(34).

The ability of this vaccine to induce strong anti-LTB and
anti-colonization factor mucosal immune responses (Table 6)
is particularly encouraging since animal model, human chal-
lenge, and field trial data all indicated that both responses can
play an important role in protection against ETEC (1, 13, 30).
The induction of significant anti-LTB, anti-CFA/I, anti-CS3,
and anti-CS6 IgA ALS mucosal immune responses in most
vaccinees suggests that the vaccine may be capable of inducing
local intestinal antibody responses against most of the ETEC
strains that may be encountered by travelers or infants and
young children living in areas where ETEC is endemic. Al-
though serum antibody responses, particularly to colonization
factor antigens, tended to be less frequent than mucosal re-
sponses to the same vaccine components (Table 6), it was also
encouraging that ACE527 induced anti-LTB, anti-CFA/I, and
anti-CS6 serum responses that are in the same range as those

TABLE 6. Frequency of serum antibody and mucosal responses by
dosing group

Antibody Group
(no. of CFU)

No. (%) of
respondersa

Pb

Placebo ACE527
dose

Anti-LTB
ALS IgA Placebo 1 (8)

ACE527 (1010) 12 (100) �0.0001
ACE527 (1011) 12 (100) �0.0001

Serum IgA Placebo 0
ACE527 (1010) 0
ACE527 (1011) 7 (58) 0.005 0.005

Serum IgG Placebo 0
ACE527 (1010) 5 (42) 0.037
ACE527 (1011) 10 (83) �0.0001 0.089

Anti-CFA/I
ALS IgA Placebo 2 (17)

ACE527 (1010) 8 (67) 0.036
ACE527 (1011) 9 (82)c 0.003

Serum IgA Placebo 0
ACE527 (1010) 0
ACE527 (1011) 3 (27)c 0.093 0.093

Serum IgG Placebo 0
ACE527 (1010) 0
ACE527 (1011) 1 (9)c

Anti-CS3
ALS IgA Placebo 2 (8)

ACE527 (1010) 6 (50)
ACE527 (1011) 6 (55)c 0.089

Serum IgA Placebo 0
ACE527 (1010) 0
ACE527 (1011) 0c

Serum IgG Placebo 0
ACE527 (1010) 0
ACE527 (1011) 1 (9)c

Anti-CS6
ALS IgA Placebo 2 (17)

ACE527 (1010) 5 (42)
ACE527 (1011) 10 (83) 0.003 0.089

Serum IgA Placebo 0
ACE527 (1010) 0
ACE527 (1011) 4 (33) 0.093 0.093

Serum IgG Placebo 0
ACE527 (1010) 2 (17)
ACE527 (1011) 1 (9)c

a Thresholds, 2.5� for serum responses and 4� for ALS responses.
b P value using Fisher exact test for difference between each dose level of

ACE527 and placebo individually or between the 2 dose levels of ACE527,
respectively. Numbers of responders are compared at the 2.5� threshold for
serum antibody responses and at the 4� threshold for ALS responses. Only
values of �0.1 are shown.

c One subject dropped out after receiving the first dose. If the subject did
respond to the first dose then n was equal to 12; if the subject did not, then for
this analysis, n was equal to 11, as the subject may have responded to the second
dose.

FIG. 2. Serum antibody responses to LTB. Graphs show geometric
means on a log2 scale of the fold increase over preimmunization titers,
with error bars representing 95% confidence intervals. (A) Serum IgG
titers; (B) serum IgA titers. Filled circles, 1011 CFU ACE527; open
circles, 1010 CFU ACE527; open diamonds with dashed line, placebo.
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observed among subjects experimentally infected with wild-
type ETEC strains in human challenge studies. Seroconversion
of IgA and IgG CFA/I-specific antibodies occurred in 43% and
23% of subjects, respectively, fed H10407 in a study performed
by some of the present authors in a similar population and
using the identical assay methods (14); the rates were 27% and
9%, respectively, at the high dose in the present study. In an
independent study, the rates of IgA and IgG seroconversion to
CS6 in subjects fed the virulent strain B7A were 31% and 25%,
respectively (9), compared to 33% and 9%, respectively, at the
high dose in the present study. This study is the first time that
an oral cellular ETEC vaccine has been shown to induce both
mucosal and serum anti-CS6 responses. Seroconversion to CS3
was not detected in subjects, even though 55% and 50% of
vaccinees in the high- and low-vaccine-dose groups, respec-
tively, mounted ALS responses to this antigen. However, base-

line serum antibody titers to this antigen tended to be higher
than those to CFA/I and CS6, making it more difficult to
demonstrate a significant raise following vaccination (data not
shown), as previously reported in a similar study population
(21).

All three vaccine strains were shed in comparable amounts
and with comparable durations. The quantitative level of ex-
cretion was evaluated 3 days after the first dose and 2 days after
the second, with higher counts observed in samples from the
latter evaluation, suggesting that excretion is of a short dura-
tion, with a peak occurring in the first 2 days after vaccination.
The shedding levels are approximately 10-fold higher in the
second cohort, in proportion to the higher dose that they
received. The peak level observed, 2.2 � 106 CFU of ACE527
per gram of stool, corresponds to 1/50,000 of the administered
dose of vaccine per gram of fecal material, reducing the risk of

FIG. 3. Magnitude of ALS responses to LTB and colonization factors. Graphs show the mean specific IgA titer in ALSs on a log2 scale for all
subjects in a group, with error bars indicating standard deviations. Responses are plotted for each individual day (days 0, 7, 10, 21, 28, and 31),
as is the peak response for each subject on any day. (A) LTB responses; (B) CFA/I responses; (C) CS3 responses; (D) CS6 responses. Empty bars,
hatched bars, and solid bars, data for placebo, low-dose, and high-dose groups, respectively; solid horizontal lines, mean preimmunization titers
for all subjects for each specific antigen; dotted horizontal lines, four times the mean preimmunization titers for all subjects for each specific
antigen.

TABLE 7. Breadth of mucosal anti-CFA responses by dose and group

Group

No. (%) of subjects

Cohort 1 (low dose) Cohort 2 (high dose)

First dose
(n � 12)

By the second
dose (n � 12)

First dose
(n � 12)

By the second
dose (n � 11)a

Subjects who did not respond to any of the CFA antigens 5 (42) 3 (25) 1 (8) 1 (9)
Subjects who responded to only one CFA antigen 3 (25) 1 (8) 4 (33) 1 (9)
Subjects who responded to two CFA antigens 3 (25) 6 (50) 4 (33) 4 (36)
Subjects who responded to all three CFA antigens 1 (8) 2 (17) 3 (25) 5 (46)
Subjects who responded to at least two CFA antigens 4 (33) 8 (67) 7 (58) 9 (82)

a One subject who responded to 1/3 CS antigens after the first dose was lost to follow-up before the second dose.
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transmission of an effective dose of vaccine to an unintended
recipient to essentially zero. This level of shedding of the
attenuated vaccine is about 1% of that observed for virulent
ETEC strains, such as H10407 (13, 14) and E24377A (20, 21).
At the higher dose level, the median time to negative stool
cultures was less than 7 days after either dose, and the longest
time after a vaccine dose where a positive culture was obtained
was 21 days. These results are broadly in line with those seen
with other live bacterial vaccines, e.g., the cholera vaccine
Peru15, where 53% and 13% of vaccinees were excreting vac-
cine at 7 and 10 days after dosing, respectively (34), and a
newer cholera vaccine candidate, vaccine 638, shown to be
shed at a peak of 1.8 � 104 CFU/g, or 1/110,000 of an effective
dose per gram (44). All three strains in ACE527 demonstrate
a sufficient duration of colonization for effective antigen ex-
pression and induction of immune responses but adequate
attenuation to preclude persistent shedding. This correlates
with the observation that immune responses to the key anti-
gens expressed on all three strains (CFA/I, CS3, CS6) were
seen in the majority of subjects.

Live attenuated vaccines against a number of enteric bacte-
rial diseases have been successfully developed (Vivotif for ty-
phoid fever and Orochol for cholera), with other candidates
being in various stages of clinical development (17, 18, 28, 44).
Previously, attenuated ETEC strains expressing different col-
onization factors have been produced and tested in phase I
trials at maximum doses of 2 � 1010 CFU (10, 40). However,
each of these previous studies used single strains of attenuated
ETEC, none of which expressed an antigen capable of inducing
antitoxin immunity. Since LT is expressed by the majority of
ETEC strains and has been shown to be both immunogenic
and protective as a stand-alone vaccine antigen, an effective
vaccine will be required to induce immune responses to LT (or
the nontoxic antigenic B subunit). However, the frequency of
strains which express ST either alone or alongside LT makes it
unlikely that this will be sufficient to confer broad protection.
To protect against these strains, it will also be necessary to
induce effective responses to the most prevalent colonization
factor antigens, particularly CFA/I, CFA/II, and CFA/IV.

ACE527 shows promise as a well-tolerated live attenuated
vaccine that could provide protection against a broad spectrum
of ETEC strains. Thus, this vaccine has potential as a public
health intervention for both travelers and children at risk for
ETEC diarrhea and warrants further development and clinical
evaluation. The strong systemic and mucosal antitoxin re-
sponses coupled with mucosal responses against principal col-
onization factor antigens and the positive safety findings in this
study support further clinical testing of ACE527 at the 1011-
CFU dose in a phase II proof-of-concept vaccination and chal-
lenge trial.
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